ABSTRACT: The natural occurrence of chronic wasting disease (CWD) in a 1993 cohort of captive white-tailed deer (Odocoileus virginianus) afforded the opportunity to describe epidemic dynamics in this species and to compare dynamics with those seen in contemporary cohorts of captive mule deer (O. hemionus) also infected with CWD. The overall incidence of clinical CWD in white-tailed deer was 82% (nine of 11) among individuals that survived Ͼ15 mo. Affected white-tailed deer died or were killed because of terminal CWD at age 49-76 mo (xϭ59.6 mo, SEϭ3.9 mo). Epidemic dynamics of CWD in captive white-tailed deer were similar to dynamics in mule deer cohorts. Incidence of clinical CWD was 57% (4/7) among hand-raised (HR) and 67% (4/6) among dam-raised (DR) mule deer; affected HR mule deer succumbed at 64Ϫ86 mo of age (xϭ72 mo; SEϭ5 mo), and affected DR mule deer died at age 31-58 mo (xϭ41.3 mo; SEϭ6.1 mo). Sustained horizontal transmission of CWD most plausibly explained epidemic dynamics, but the original source of exposures could not be determined. Apparent differences in mean age at CWD-caused death among these cohorts may be attributable to differences in the timing or intensity of exposure to CWD, and these factors appear to be more likely to influence epidemic dynamics than species differences. It follows that CWD epidemic dynamics in sympatric, free-ranging white-tailed and mule deer sharing habitats in western North American ranges also may be similar.
Epidemics of chronic wasting disease (CWD), a prion disease of North American cervids, were originally described in captive mule deer (Odocoileus hemionus) and elk (Cervus elaphus nelsoni) (Williams and Young, 1980 , 1982 , 1992 Miller et al., 1998) . The first epidemics were recognized in wildlife research facilities in north-central Colorado and southeastern Wyoming. Subsequent field investigations revealed cases of CWD in free-ranging cervids in these same areas (Williams and Young, 1992; Spraker et al., 1997; Miller et al., 2000) . Although the vast majority of free-ranging cases were diagnosed in mule deer and elk, cases of CWD also were encountered in white-tailed deer (O. virginianus) . Because the prevalence of CWD in free-ranging white-tailed deer was remarkably high in some locations, the smaller number of cases was regarded as reflecting the relative scarcity of whitetailed deer in these areas rather than innate species resistance to CWD (Miller et al., 2000) . The recent discovery of CWD in both free-ranging and captive whitetailed deer in the upper midwestern United States Joly et al., 2003) suggests that epidemics can arise in white-tailed deer populations in the absence of sympatric mule deer or elk populations.
The epidemic dynamics of CWD have not been described in white-tailed deer. This species was absent from affected research facilities during the 1960s-80s, when epidemics were first recognized and described in mule deer and elk. However, a small captive white-tailed deer herd was established at the Colorado Division of Wildlife's (CDOW) Foothills Wildlife Research Facility (FWRF; Fort Collins, Colorado, USA; 40Њ35ЈN,105Њ10ЈW) in 1993 for use in fertility control studies. The subsequent natural occurrence of CWD in this herd afforded the opportunity to observe epidemic dynamics in captive whitetailed deer and compare them with those of contemporary cohorts of captive mule deer, which were also naturally infected with CWD. FIGURE 2. Arrangement of paddocks holding white-tailed and mule deer held at the Colorado Division of Wildlife's Foothills Wildlife Research Facility (FWRF). A. West side layout for deer paddocks and species assignments during 1993-96; gray arrow, prevailing direction of drainage and wind. B. Cases of chronic wasting disease (CWD) that occurred in deer residing in respective paddocks diagramed in panel A. Paddock C held a group of adult female mule deer that included the index case for the ongoing CWD epidemic. After October 1996, mule deer were rearranged periodically, to accommodate research needs.
Captive mule deer held in what is now the FWRF had been infected with CWD since at least the late 1960s (Williams and Young, 1992) . After attempting to eradicate CWD from the FWRF in 1985 by killing all captive mule deer and elk and cleaning the facility (Williams and Young, 1992; Miller et al., 1998) , a new mule deer research herd was started in 1990 with nine animals (Miller and Williams, 2003) . This founder herd was augmented by natural births and ''orphan'' fawns. Founders and orphans were accepted only from outside areas where CWD was known to be endemic. Despite extensive preventive measures, a case of CWD was diagnosed in 1994 in a FWRF-born female from the 1991 cohort. This represented the beginning of another CWD epidemic in captive mule deer (Fig. 1 (Creekmore et al., 1999; Miller et al., 2000; Miller and Williams, 2003; M. W. Miller, unpubl.) . After capture, fawns were transported to FWRF. There, they were held in dedicated rearing pens on the facility's east side, away from adult cervids. Fawns were fed canned evaporated milk, a pelleted feed, and alfalfa hay, using wellestablished rearing protocols (Wild and Miller, 1991) . Eleven of 12 fawns (six females, two males, and three castrated males) survived until weaning, at which time they were moved to a new paddock (W) on the facility's west side ( Fig. 2A) . This new paddock, which had an electrified perimeter fence, was in proximity to other new deer paddocks and to older paddocks but had not previously held deer or elk. Weaned deer were maintained on pelleted feed, alfalfa hay, and natural veg- FIGURE 4. Cumulative incidences of chronic wasting disease (CWD) in 1993 cohorts of handraised white-tailed deer, hand-raised mule deer (HR), and dam-raised mule deer (DR). Epidemic curves, overall incidence, and range of ages at CWD-caused deaths were similar, but onsets and mean ages at CWD-caused deaths were different, among these three cohorts. Delayed onset in the white-tailed deer and HR mule deer cohorts most likely reflects delayed exposure to CWD-infected animals or contaminated environments. (See Table 1 for descriptive statistics.)
etation consisting of forbs and grasses; their diet was free from animal-derived protein. Once they were sexually mature (Ͼ12 mo old), the two males were moved into an adjacent paddock (A) during November-February each year, to prevent breeding with females; this adjacent paddock housed intact and castrated male mule deer year round. Aside from occasional research-related movements to handling and weighing facilities and isolation pens, female and castrated male whitetailed deer resided in their primary paddock throughout their respective lives.
Clinical signs suggestive of CWD (weight loss, inattentiveness, and mild depression) were first recorded in one male and one castrated male white-tailed deer in May 1997. By late June, both deer were showing signs of end-stage CWD (emaciation, pronounced behavioral changes, ataxia, and ptyalism; Fig. 3 ), and both were killed on 8 July. The other male began showing clinical signs in late June; his condition deteriorated rapidly, and he was killed on 23 July after exhibiting an acute onset of neurological signs, including opisthotonos. A fourth deer, a female, was found dead on 27 July after several days of heavy rain and flooding at the FWRF; CWD was diagnosed postmortem. In retrospect, early signs of CWD (particularly social isolation) had been present in this fourth animal for ϳ1 mo. Four additional deer were killed during end-stage CWD 9, 11, 23, and 26 mo after the index cases (Fig. 4) . By October 1999, because only three white-tailed deer remained in the herd, and one was showing signs of CWD, the surviving deer were killed.
Chronic wasting disease was confirmed in all nine clinical cases via histopathology and immunohistochemistry (IHC), using methods described elsewhere (Williams and Young, 1993; Spraker et al., 1997; Miller et al., 2000) . Accumulations of CWD-specific protease-resistant prion protein (PrP CWD ) were detected in multiple sections of brain (particularly the medulla oblongata, sectioned at the obex), in tonsil, retropharyngeal lymph node, and mesenteric lymph node tissues, and in Peyer's patches. Histological lesions of spongiform encephalopathy described by pathologists who evaluated these cases were indistinguishable from those described in free-ranging white-tailed deer (Spraker et al., 1997; Williams and Miller, 2002) ; plaques composed of PrP CWD were relatively consistent among these cases . In addition to confirming infection in the nine clinical cases, postmortem examination revealed mild spongiform encephalopathy and IHC staining of brain and lymphoid tissues in one of the two apparently healthy deer killed when the herd was terminated; the other deer showed neither IHC staining nor spongiform encephalopathy postmortem. The overall incidence of clinical CWD in this captive white-tailed deer cohort was ϳ82% among individuals that survived Ͼ15 mo (minimum observed incubation; Williams and Miller, 2002) (Table 1) , although at least one additional case likely would have occurred if the herd had not been terminated. Affected white-tailed deer died or were killed during terminal stages of CWD at age 49-76 mo. The ages at deaths attributed to naturally acquired CWD were about threefold greater than the 16-to Ն30-mo intervals from exposure to CWD-caused death observed in whitetailed deer inoculated orally with conspecific infectious brain tissue homogenate (M. W. Miller and E. S. Williams, unpubl.) . This difference could reflect either delayed exposure or lower exposure doses in the naturally infected white-tailed deer. On the basis of observations of CWD epidemiology in mule deer (Williams and Young, 1992; Miller and Williams, 2003) , intraspecific horizontal transmission probably sustained this epidemic; the observed patterns of cumulative incidence (Fig. 4) resembled those previously described in mule deer. The original source of exposure for these white-tailed deer could not be determined: two of the first four cases were in male white-tailed deer that had been housed seasonally with male and castrated male mule deer in a paddock (A) where five cases of CWD in mule deer occurred during (Fig. 2B ), but the female and castrated male white-tailed deer that died from CWD at the same time as the two males were not housed with mule deer.
Mule deer also were recruited into the FWRF herd in 1993. Thirteen fawns were added in June through births or orphan acquisitions. Seven females, including four born to FWRF dams, were hand raised (HR) until weaning using the same protocols and dedicated facilities described for white-tailed deer; six males born at the FWRF were raised by their dams (DR) in a paddock where adult female mule deer were housed. Five other hand-raised fawns (three females and two males) from outside sources (OR) were added in November. At weaning, female fawns were housed in a paddock (B1) on the west side, separate from other groups of mule deer and from the white-tailed deer (Fig. 2A) ; they remained in this grouping until October 1996, when deer were rearranged to accommodate research needs. By fall 1994, males and castrated males from the 1993 cohort were housed with other adult male and castrated male mule deer, apart from females. Because these fawn groups potentially had different opportunities for CWD exposure, they were regarded as separate cohorts for the purposes of comparison, designated as HR, DR, and OR to denote their divergent histories. The early exposure history of the HR cohort most closely resembled that of the whitetailed deer cohort described earlier, although extensive rearranging of FWRF mule deer after October 1996 diminished these similarities.
General patterns of CWD occurrence in the 1993 mule deer cohorts resembled patterns seen in the 1993 white-tailed deer cohort (Fig. 4) . About 57% of the HR cohort and 67% of the DR cohort developed CWD. The occurrence of CWD in the HR mule deer cohort was somewhat later than that seen in white-tailed deer (Table 1) . Although cases among HR animals tended to occur later than in white-tailed deer, the range of ages at death (22 mo) was somewhat narrower than that seen in whitetailed deer. Of the three HR mule deer that did not contract CWD, two died at age Յ29 mo, and the third survived to age 74 mo.
Although the incidence of CWD in the DR mule deer cohort was comparable to that in both the HR and white-tailed deer cohorts, some temporal aspects of CWD epidemiology differed substantially for DR mule deer (Table 1 and Fig. 4) . Clinical disease appeared to occur earlier in DR cohort mule deer than in either the whitetailed deer or HR mule deer cohorts. However, the range of ages at death (27 mo) was equivalent to the range in whitetailed deer and was wider than that in HR mule deer. Two DR mule deer that did not contract CWD died at age Յ37 mo.
Only two (40%) of five OR cohort mule deer, one male and one female, contracted CWD. Both of these cases fell within the range of the established mule deer cohorts that they joined: the male died 52 mo after entering the FWRF herd, and the female died 64 mo after entering. All three OR mule deer that did not contract CWD died Յ30 mo after arriving at FWRF.
The ages at death attributed to naturally acquired CWD were about threefold greater among HR animals and about twofold greater among DR animals than the 20-to Ն25-mo (xϭ23 mo) intervals from exposure to CWD-caused death in mule deer that were inoculated orally with infectious brain tissue homogenate . Moreover, the range of age at death in these naturally acquired cases was at least threefold greater than that observed in experimental infections. As in the white-tailed deer epidemic, these differences could reflect either delayed exposure or lower exposure doses in the naturally infected mule deer. However, horizontal transmission most likely drove observed epidemic dynamics.
Apparent differences in mean age at CWD-caused death between the DR and HR cohorts may reflect differences in the timing or intensity of exposure to CWD. Maternal transmission appears to be far less important than horizontal transmission in contributing to risk of CWD infection in mule deer (Miller and Williams, 2003) ; thus, differences between these cohorts probably should not be taken as evidence of dam-offspring transmission. Although maternal transmission per se was unlikely, exposure to CWD still could have occurred earlier in DR mule deer than in the HR mule deer and white-tailed deer cohorts. In 1993, adult (Ն2 yr old) female mule deer at FWRF were housed together in the paddock where the index case for the current epidemic occurred in 1994 ( Fig. 2A) . The DR fawns remained with their dams in this paddock until some time during the winter or spring, when they were moved into a paddock with older male mule deer. Of the five secondary CWD cases in the early years of the mule deer epidemic, at least four (including two DR siblings) were housed for Ն6 mo in the same paddock with the index case. In contrast, HR fawns were removed to the dedicated rearing facility 24-48 hr after birth; after weaning, they remained in a separate paddock until October 1996, when female groups were mixed for planned research experiments unrelated to CWD studies. It follows that the earliest exposures of HR deer to likely sources of infection (infected deer or contaminated paddocks) may have occurred Ն40 mo later than exposure of DR deer (Fig. 2B) . These observations are similar to findings from a study of scrapie transmission in sheep, wherein incidence was lower and average age at scrapie death higher among sheep removed from an infected flock at birth than in those removed at later ages (Hourrigan et al., 1979) .
Despite the likelihood of later initial exposure in HR deer, their exposures may have been greater, either by virtue of contact with more infected animals or with larger accumulations of CWD agent in contaminated paddocks, thereby reducing the average disease course (Foster and Dickinson, 1989; Hoinville, 1996; Woolhouse et al., 1998; Miller and Williams, 2003) . This may explain why the range of ages at CWD death was somewhat narrower for HR (22 mo) than for DR (27 mo) animals, even though the average age of onset was later in HR deer. The dramatic decline in ages at CWD-related death among FWRF mule deer cohorts over an 8-yr period (1991-99; Miller and Williams, 2003) is consistent with an increasing intensity of exposure over the course of this epidemic. However, observations of a higher CWD prevalence in male mule deer than in sympatric females (M. W. Miller, unpubl.) also could reflect sexual differences in exposure or susceptibility between the all-female HR and all-male DR cohorts.
On the basis of the foregoing observations, the epidemic dynamics of CWD in captive white-tailed deer were strikingly similar to those in captive mule deer held under similar conditions (Figs. 1, 4) . However, timing and magnitudes of exposure, and possibly other factors, like demographic differences (M. W. Miller and M. M. Conner, unpubl.) , social behavior (Conner and Miller, 2004) , or prion gene polymorphisms O'Rourke et al., 2004; J. E. Jewell, pers. comm.) , could influence dynamics of individual epidemics. Given the similarities in the clinical and postmortem features of CWD in these two closely related species, similarities in epidemiology are not surprising. It follows that epidemic dynamics in sympatric, free-ranging white-tailed and mule deer that share habitats in western North American ranges also may be similar. Whether epidemic dynamics remain similar when free-ranging populations of deer reside in entirely different natural habitats seems less certain.
The transmissibility of CWD appears to differ somewhat among its three natural host species. Both annual and cohort-specific CWD incidences in captive whitetailed deer, and in mule deer observed here and elsewhere (Williams and Young, 1992; Miller and Williams, 2003) , were substantially higher than rates reported for CWD in captive elk (Miller et al., 1998 ) also held at FWRF under similar conditions. Host factors may explain such differences. The accumulation of diseasespecific PrP CWD in gut-associated lymphoid tissues (GALT) (e.g., tonsils, Peyer's patches, and mesenteric lymph nodes) of a host species appears to be strongly related to the horizontal transmissibility of prion diseases (Miller and Williams, 2003) . In CWD-infected white-tailed and mule deer, PrP CWD accumulates early and abundantly in GALT (Sigurdson et al., 1999; Spraker et al., 2002; Williams and Miller, 2002; M. W. Miller and E. S. Williams, unpubl.) , and CWD appears to be quite contagious in both species. In contrast, PrP CWD accumulates later and less abundantly in GALT of elk infected with CWD (Balachandran et al., 2002; Williams and Miller, 2002) , and transmissibility appears to be comparatively diminished. This relationship between contagiousness and PrP accumulation in GALT also holds for scrapie in sheep (PrP in GALT and contagious) (Hoinville, 1996; André oletti et al., 2000; Redman et al., 2002) and bovine spongiform encephalopathy in cattle (little or no PrP in GALT and not contagious) (Hoinville et al., 1995; Ferguson et al., 1997; Wells et al., 1998) . Further study of such patterns may be helpful in predicting the relative contagiousness of CWD and other prion diseases in natural and unnatural hosts.
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